Negative effects of low developmental temperatures on aphid predation by Orius majusculus (Heteroptera: Anthocoridae) Helgadóttir, Friða; Toft, Søren; Sigsgaard, Lene 
predation capacity for rosy apple aphids (Dysaphis plantaginea) of females from each of these all test temperatures predation capacity was highest for females that had developed at 20 °C and 27 lowest for those that had developed at 12 °C. Thus, development at low temperatures had a 28 detrimental effect on predatory performance (negative acclimation effect) at both high and low 29 temperatures, and the effect was larger the longer the treatment. Mortality of the nymphs was also 30 increased at lower temperatures. Thus, no enhanced biocontrol efficiency or production benefits 31 were gained from low temperature treatment of O. majusculus, neither as full developmental 32 treatment nor as a short term treatment.
Introduction

36
Temperature is an important factor influencing development, survival and feeding activity of insects 37 (Angilletta, 2009 ). Biological control agents (BCAs) are produced in a standardized manner, under 38 conditions optimal for reproduction, survival and development (Bigler, 1994) . This ensures a rapid 39 and efficient production. However, these conditions may differ drastically from conditions in 40 outdoor cropping systems and therefore may affect the service provided by the biological control 41 agents (Bigler, 1994; Sørensen et al., 2013) . To improve their performance, especially in outdoor 42 cropping systems, the theory of thermal acclimation may be applied (Chidawanyika and 
44
Acclimation is a reversible, non-genetic change in the phenotype, induced by specific environmental conditions (Bennett and Lenski, 1997 ). An organism acclimated to a particular 46 environment may have a performance advantage over an organism which has not had the 47 opportunity to acclimatize to that environment; this is termed beneficial acclimation (Leroi et al., 48 1994). The ladybird Adalia bipunctata L. showed improved predation of aphids at temperatures 49 which they were reared at (Sørensen et al., 2013) . The codling moth, Cydia pomonella L. was more 50 likely to initiate flight at low temperatures to which they were acclimated (Chidawanyika and 51 Terblanche, 2011) . Acclimation at low temperatures may come at a cost of performance at higher larger females produced at cooler temperatures will have higher fecundity and require more food.
63
All acclimation effects are supposed to have costs on some fitness related parameter (Hoffmann, 64 1995). Detrimental effects may result from non-optimal temperature treatments if these costs are 65 larger than the beneficial acclimation effects, or if the non-optimal temperature treatments create 66 non-reversible damage effects ("detrimental acclimation" hypothesis) (Loeschcke and Hoffmann, 67 2002).
68
The aim of the study was to investigate if thermal acclimation to low temperatures can be 69 applied to increase the predatory efficiency of Orius majusculus (Reuter) (Heteroptera: 70 Anthocoridae), a predatory bug of aphids. The species is native in Danish nature (Skipper and 71 Tolsgaard, 2013). It is also commercially available, therefore it is a potential candidate as BCA for 72 inundative and inoculative biological control strategies in apple orchards to reduce the population 73 growth of rosy apple aphids in early spring (Arnoudov et al., 2013; Wyss et al., 1999) 74 supplementing the naturally occurring early predators. This will depend on the predators' ability to 75 perform at spring temperatures which will often be considerably lower than the temperature it is 76 typically mass-reared at (usually within the range of 22-25°C based on previous studies (Alauzet et 77 al., 1992; Blümel, 1996 
Experimental treatments
98
Two developmental regimes were used, i.e. whole nymphal development (WND) and subadult 99 development (SAD). In the WND treatment, the nymphs were reared from the beginning of 1st 100 instar to emergence of adults at temperatures 12, 16 or 20°C (named WND12, WND16 and 101 WND20; for sample sizes, see Table 2 ). In the SAD treatments, the nymphs were reared at 20°C 102 until emergence of the 5th instar, and then placed at temperatures 12 or 16°C until they moulted to 103 adulthood (named SAD12 and SAD16; Table 2 ). In the following, the five treatments (WND20,
104
WND16, WND12, SAD16 and SAD12) are termed "developmental treatments", while average temperature (day and night) was 11.7°C assessed at 2 m height (Cappelon, 2016 aphids with sign of feeding, as well as dead aphids without any signs of feeding was registered.
137
Mortality of the aphids during 24 hours at the experimental conditions but without the predatory 138 bugs was also tested (n = 5 at 12, 16 and 20°C, respectively) and found to be zero at all 139 temperatures. Therefore it was assumed that the aphids found dead without any clear sign of feeding 140 had been killed by the predator, either by piercing without subsequent feeding or with minimal feeding. Consequently, the numbers of aphids eaten and the numbers of aphids dead without clear 142 sign of feeding were pooled as total number of aphids killed. This is sometimes referred to as 143 voracity (Butler and O'Neil, 2008) . However, in this study the total number of aphids killed by the 144 predator will be referred to as predation capacity (as in Bonte et al. (2015) ). treatments, which had been tested for predation at the same temperatures at which they had been 
Data analysis 160
Analyses were performed using R software or JMP13. Alpha was 0.05 for all hypotheses tested.
161
Predation capacity was analyzed by ANCOVA as proportion of aphids killed as dependent variable 162 with treatment as factor and test temperature as covariate. Prior to analyses, the proportions of 163 aphids killed by the predator were arcsine sqrt-transformed to fit ANOVA assumptions. First, the 164 data from WND-treatments were tested using developmental temperature (3 levels), test 
Results
185
Predation capacity 186
The relative predation capacity of O. majusculus females for the rosy apple aphid increased with 187 test temperature for all five treatment combinations of developmental temperature and treatment 188 length, and at each test temperature it was reduced the lower the temperature at which the animals 189 had developed (Fig. 1) . For the WND treatments, both the developmental temperature and the test 190 temperature were highly significant factors, but their interaction was not (Table 1a) . Also the five 191 developmental treatments and test temperature were significant, but their interaction not (Table 1b) .
192
The non-significant interactions mean that relative predation capacity increased linearly with test 193 temperature and with the same slope for all developmental treatments (Fig. 1) . At all test The proportion of killed aphids that was eaten was independent of developmental treatment 5 th instar and total nymphal development were calculated as 9.3, 9.9, 9.7, and 10.1°C, respectively, 217 and the corresponding degree day requirements were 82.6, 29.8, 58.1, and 178 °days.
218
There were no significant differences between treatments in sex ratio (Chi-square test: χ2 = 4.2381, 219 df = 4, P > 0.05) ( Table 2) .
220
Mortality increased with temperature for all developmental stages (1st-3rd nymphal instar: 221 χ2 =31.84, df = 4, P < 0.0001; 4 th nymphal instar: χ2 = 2.98, df = 4, P > 0.05; 5th nymphal instar: 222 χ2 = 82.93, df = 4, P < 0.0001) and for total nymphal mortality (χ2 = 101.07, df = 4, P < 0.0001).
223
The WND12 treatment had significantly higher mortality than all other groups. Total mortality was 224 higher for WND treatments at 12 and 16°C compared to the corresponding SAD treatments, though 225 the differences were only significant at 12 °C (Table 3) .
226
The adult body mass differed significantly between developmental treatments (ANOVA:
227 females F 4 = 9.13, P < 0.0001; males F 4 = 17.23, P < 0.0001; Fig. 2 ). At rearing temperatures 12 228 and 16°C, the adult mass of males was higher for SAD than for WND groups. Females showed the 229 same pattern but the difference was only significant at 12 °C. Both sexes had the highest body mass 230 after development at 16°C and the lowest after development at 12°C.
231
Lipid content of female O. majusculus was significantly affected by temperature (Kruskal-
232
Wallis test: χ2 = 6.47, df = 2, P = 0.03, animals collected from the field may give an answer to this.
275
A developmental temperature of 12°C was highly detrimental, as it resulted in low survival,
276
small adults and females with lower lipid content compared to individuals that developed at 16°C.
277
Reduced size and increased mortality at low rearing temperatures has been observed for Drosophila 278 melanogaster and may be due to cold stress (Karan et al., 1998; Kingsolver and Huey, 2008) . range tested). Thus, mortality was negatively affected at a higher temperature than body size.
285
Female O. majusculus developing at 12°C and later tested for predation at 12°C had zero 286 consumption of aphids. This might indicate that their metabolism was slow and they therefore had 287 reduced consumption after developing at 12°C. The restricted energy obtained through consumption 288 would be used for basal metabolism, leaving less to build up energy reserves as lipids (Hahn, 2005) .
289
Slightly less than half of the aphids killed showed no visible signs of feeding, indicating that
290
O. majusculus is capable of killing more aphids than it can eat. This "surplus killing" behavior has laboratory conditions the prey density is high and the prey handling time is the most limiting factor,
296
whereas under field conditions the searching behavior of the predator will limit the attack rate more 297 (Bonte et al., 2015) . Thus, the surplus killing rate in real biocontrol situations may be much lower.
It should be taken into consideration that this experiment was carried out using rosy apple respectively. †Sample sizes for lipid analyses: 5, 6 and 6 groups of 2-3 females. treatments with the same letter are not significantly different (multiple comparisons of ls-means using t-test with adjusted P-value (Holm method)).
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temp. respectively. †Sample sizes for lipid analyses: 5, 6 and 6 groups of 2-3 females. 
